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A Unit of the University System of Georgia 
AMERICAN HEART ASSOCIATION - GEORGIA AFFILIATE 
COMPUTER SIMULATION OF FLOW THROUGH 
TRItEAFLET HEART VALVES 
(GRANT-IN-AID) 
FINAL REPORT (7/1/84 - 6/30/85) 
I. Principal Investigator • 
Professor Ajit P. Yoganathan, Ph.D., Georgia Tech 
II. Project Report 
(A) General 
Both in vivo and in vitro hemodynamic studies indicate that 
the trileaflet tissue valves in current clinical use have 
inferior fluid dynamic characteristics, especially in the smaller 
sizes. The perceived increased use of the new low-pressure fixed 
tissue valves for heart valve replacement and in valved conduits, 
together with the need for cheap, disposable and fluid 
mechanically efficient trileaflet valves in short and long term 
LVADs require detailed fundamental studies of the trileaflet 
design concept. In vitro studies indicate that the fluid dynamic 
characteristics of some of the current trileaflet designs can be 
improved by improving the design characteristics of the valve 
leaflets and supporting stent structures. 
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(B) Computational Scheme and Methodology 
The aim of the present study is to provide a relatively 
realistic simulation of steady Newtonian blood flow through 
trileaflet tissue valves of varying degrees of stenosis. The 
ultimate goal of this research effort is to develop the means for 
designing trileaflet valves which are more fluid dynamically 
efficient and clinically useful. The aortic trileaflet tissue 
valve design was chosen as the subject of this study, since it is 
the only popular valve in current clinical use which is 
approximately axisymmetric. An axisymmetric geometry is 
computationally more convenient since it involves only two 
dimensional equations. An extension to three dimensions may be 
conceptually simple but the actual implementation is very 
difficult. The Geometry and dimensions of the aorta were 
designed from angiographic studies and measurements made from 
cadavers. The valve dimensions were obtained from tissue leaflet 
photography studies conducted on tissue bioprostheses of varying 
degrees of stenosis. 	The non-rectangular nature of this valve 
necessitated the use of a body conforming grid. 	Thompson's 
method coupled with a Chimera arid system was chosen for this 
purpose. The Chimera grid was used to avoid a grid with highly 
skewed cells. Turbulence was simulated using the k-c model with 
the wall function method. This decision was made after comparing 
the k-c model's performance with that of lower order models, and 
after considering the increased computer time requirements and 
decreased stability of more complex models, such as the Reynolds 
stress model. 
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(C) Geometries and Simulations Studied 
The dimensions of the aortic geometry used in this study is 
similar to the aortic flow chamber used in our experimental work 
with some slight modifications. 	The internal diameter of the 
inlet and outlet tubes is 25.4 mm. 	The axisymmetric sinus is 
31.5 mm in diameter and 29.2 mm in length. The thick leaflet was 
necessary to avoid a highly skewed grid near the leaflet tip. 
Table 1 is a list of all the geometries and simulations 
which were investigated. 	No coordinate attraction was 
7 
 used in 
preparing grid 1 for each geometry. 	However, coordinate 
attraction was used for grid 2 in order to fill the region 
between the leaflet tip and the end of the sinus with enough 
computational nodes. Otherwise the lines were too concentrated 
around the leaflet and too sparse elsewhere which led to an 
unstable computation. Fiaures-1 through 5 present the grids 
which were used for each model. Figure 6A shows aortic model A2 
when rotated about the centerline. Figure 6B shows the three 
dimensional projection of model A2 and labels various portions of 
the model. The fluid used in all simulations was a Newtonian 
fluid of viscosity and specific gravity equal to that of blood, 
which are 3.0 centipoise and 1.07, respectively. The flow rate 
through the aortic models in all turbulent simulations was 30 
liter/min, corresponding to a typical peak systolic flow rate 
across the aortic valve cf an average person at rest. The 
dimensions of the valve leaflet flow areas were chosen to cover 
the wide range of effective flow areas observed with trileaflet 
valves in current clinical use. For example, a size 27mm Hancock 
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porcine tissue valve has an effective flow area of about 1.7 cm 2 , 
a size 27mm Ionescu-Shiley pericardial tissue valve has an 
effective flow area of about 2.4 cm 2 (Yoganathan, 1983), and an 
undiseased natural aortic valve has a flow area of approximately 
5.0 cm3 . The results of the computer simulation are given in the 
following sections. 
(D) Streamline Plots 
Figures 7a and 7b are streamline plots for models A2 and 
A5. Only the portion of each flow field which is of interest is 
presented. Since the region behind the valve leaflet contains 
very low velocities, no streamlines are shown in this region. 
These plots illustrate the effects of increasing valve 
stenosis. Models A4 and AS disturb the flow field only to a 
small extent, and cause relatively small recirculation regions to 
be produced, which are contained within the sinus region (1.1 
diameters long). The maximum width of the recirculation regions 
are 4 mm for model A4, and 2 mm for A5. Model A3 produces a 
larger recirculation zone which escapes the sinus region, and 
reattaches further downstream (1.4 diameters). The maximum width 
of this region is 6 mm. Model A2 reattaches even further 
downstream (1.7 diameters), with a maximum width of 7 mm. Model 
Al is so severely stenotic, that sufficient computer memory to 
extend the tube far enough downstream for reattachment to occur 
did not exist. 
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(E) Velocity Profiles 
Velocity profiles are presented in this section at various 
locations in each of the five models. The velocities have been 
non-dimensionalized by a bulk velocity at 100 cm/sec. The radial 
and axial distances are non-dimensionalized by the diameter of 
the tube leading into the test chamber (2.54 cm). All upstream 
and downstream distances are measured from the valve seat. 
Beginning with model Al, (Figure 8), the velocity profile at 0.1 
diameters upstream (just as the fluid begins to enter the valve) 
shows that the flow is accelerated near the center, with a 
maximum non-dimensionalized value approaching 2.2. The velocity 
gradient near the wall has decreased accordingly. The profile 
across the valve itself exhibits an off-center peak with a non-
dimensionalized velocity of 5.3. This is due to the rapid 
acceleration which has taken place near the wall, compared to - the 
acceleration near the center. A profile further downstream, at 
0.65 diameters, indicates the very low velocities which exist in 
the stagnant region near the wall. The central jet which is 
observed in the streamline plot for model Al is evident in the 
velocitiy profile at this region. In addition, the velocity 
gradient 	increases dramatically adjacent 	to the stagnant 
region. 	The velocity field exhibits a very small positive wall 
gradient, 	indicating 	a 	low 	velocity 	clockwise 	rotating 
recirculation bubble. Further downstream, at 1.67 diameters, 
recirculation is evident in the large negative velocities near 
the wall. 
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Model A2 is considered next in figure 9. 	The velocity 
profile made 0.1 diameters upstream of the valve shows the 
decreased wall gradient and accelerated core. After the flow has 
entered the valve, an off-center peak is observed, with a maximum 
value of 3.2. The profile at 0.55 diameters exhibits a positive 
wall gradient, with a central jet, and correspondingly high 
velocity gradients. This positive wall gradient is a result of 
the clockwise rotating recirculation bubble which extends behind 
the valve leaflet. The profile taken at 0.85 diameters indicates 
a large recirculation region near the wall. 1.0 diameters 
downstream, this region has narrowed in width, but maintained 
high negative velocities with a non-dimensionalized value of 
-0.4. Further downstream, at 1.5 diameters, the recirculation 
region persists, 	until 	it has 	reattached at about 1.7 
diameters. At this point, the profile has developed an off-
center peak. This peak is thought to be due to acceleration of 
the fluid near the wall from the sudden change in the wall shape, 
corresponding to the end of the sinus region. After 
reattachment, the simulated flow recovers quickly to become fully 
developed. This is due to the limit on computer memory, which 
did not allow sufficient tube length downstream of the valve to 
allow the simulated flow field to become fully developed on its 
own before imposing the fully developed boundary condition. 
In model A3, (Figure 10), the valve constriction decreases, 
with less disturbance to the flow field. 	The profile made 0.1 
diameters upstream of 	the valve exhibits the centerline 
acceleration of the fluid. 	Inside the valve, an off-center peak 
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is again observed, with a maxmimum non-dimensionalized value of 
2.0. The profile made at 0.5 diameters shows the positive wall 
gradient indicative of a clockwise rotating recirculation 
bubble. In addition, the central jet is evident in this 
profile. At 0.8 diameters the negative velocities near the wall 
increase to a non-dimensionalized velocity of -0.1. The center 
jet already exhibits an off-center velocity maximum. This peak is 
thought to be due to the sudden change in wall shape at the end 
of the sinus region. At 1.0 diameter this off-center'maximum 
persists. The flow has reattached and is beginning to recover at 
1.5 diameters. 
In model A4, (Figure 11), the flow is less disturbed than in 
model A3. The profile was taken just upstream of the valve, and 
shows that the flow has not deviated significantly from a fully 
developed profile. Inside the valve the off-center peak is not 
observed, although the flow has accelerated to a maximum non-
dimensionalized velocity of 1.6. The profile taken at 0.6 
diameters, as the fluid exits the valve shows the positive wall 
gradient, indicative of a clockwise recirculation region. At 0.9 
diameters a small recirculation region exists near the wall, but 
has reattached at the end of the sinus region, 1.14 diameters 
downstream. The profile is nearly fully developed turbulent, a 
short distance further downstream. 
Finally, model AS, (Figure 12), which approximates the 
natural aortic valve, disturbs the flow the least. The profile, 
taken 0.1 diameters upstream of the valve, shows that the flow 
field does not deviate significantly from the fully developed 
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profile. The same is true inside the valve. As the fluid exits, 
it again sets up a clockwise rotating recirculation extending 
behind the valve leaflet. At 0.9 diameters the velocities near 
the wall remain negative. The recirculation is again contained 
inside the sinus region, with the flow reattaching at about 1.14 
diameters downstream. 
The effects of increasing valve stenosis are evident as one 
studies the velocity profiles from models Al through A5. At the 
upstream location, as the fluid enters the valve, the peak 
velocity increases from 1.2 in model A5 to 2.2 in model Al. The 
profiles taken inside the valve exhibit higher velocities in the 
more stenosed valves due to the smaller flow area, but also show 
an off-center maximum for models Al, A2, and A3. This is due to 
the rapid fluid acceleration near the wall, and does not persist 
after the fluid has exited the valve. After exiting the valve, 
all five models set up a clockwise rotating recirculation which 
extends behind the valve leaflet, and is evident in the positive 
velocities near the wall at the point where the fluid exits the 
valve. 
(F) Turbulent Shear Stress 
Figures 13 through 18 are examples of the turbulent shear 
stresses profiles obtained with models Al, A2, A3, A4 and A5. 
Beginning with model Al, (Figure 13), the profiles exhibit 
elevated shear stresses upstream of the valve, exceeding 80 
N/m2 . This is due to the acceleration of the fluid in the 
core. 	As the fluid enters the valve, a high velocity gradient 
exists near the wall, increasing shear stress values to 350 N/m 2 
near the leaflet wall. As the fluid progresses downstream-it 
exits the valve as a jet bounded by a stagnant region. Here the 
turbulent shear stress increases to about 520 N/m 2 . 
In model A2 (Figure 14), the shear stresses upstream of the 
valve remain relatively low (30 N/m 2 ), since the core is not 
accelerated to the extent seen in model Al. The shear stress 
increases to 150 N/m 2 near the inside wall of the valve, due to 
? 
the high velocity gradient at this location. 	The region of 
increased shear stresses continues downstream as the fluid exits 
the valve, producing a jet bounded by an annular recirculation 
region. 	The velocity gradients increase due to the effects of 
the recirculation, and consequently increase 	the shear stress 
values to a maximum of 310 N/m2 . 	The peak shear stress is 
followed by a rapid decrease to 30 N/m 2 before the recirculation 
region reattaches. 
Flow through model A3 (Figure 15) experiences less turbulent 
shear stress than in A2. Upstream of the valve, the shear 
stresses remain below 25 N/m 2 , since the fluid core does not 
experience much acceleration. 	As the fluid flows through the 
valve, the wall velocity gradient increases, resulting in 	the 
shear stress increasing to SO N/m 2 near the wall. 	After the 
fluid exits the valve, the velocity gradients increase still 
more, and the shear stresses increase to about 125 N/m 2 near the 
recirculation region. The values in the model then quickly decay 
to 50-60 N/m2 as the velocities in the recirculation region begin 
to slow down. 
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Model A4 also produces elevated turbulent shear stresses 
(Figure 16). The stresses remain low upstream of the valve, 
since the core acceleration is very small, and increase inside 
the valve to 70 N/m 2 near the wall. After the fluid exits the 
valve, the shear stresses increase to about 150 N/m2 at 0.9 
diameters, as a direct result of the increased velocity gradients 
near the recirculation region. The shear stresses then rapidly 
decay back down to 25 N/m 2 . 
Finally, the less stenotic valve of model A5 produces 
slightly elevated Reynolds stresses (Figure 17). Upstream of the 
valve, and also inside the valve, the shear stress remains low, 
and increases to only 25 N/m 2 inside the valve, since the 
velocity gradients increase only slightly. After the fluid exits 
the valve, the peak shear stress decays rapidly from 50 to 25 
N/m2 . 
Since the production of turbulence is due to velocity 
gradients in the flow, it is possible to correlate velocity 
gradients with turbulent shear stresses. This is indeed the 
case, as the regions of highest velocity gradient and fluid 
acceleration correspond with the locations of highest turbulent 
shear stress. Peak values for turbulent shear stresses ranged 
from 50 to 520 N:m2 downstream of the valves. These values are 
high enough to cause sublethal and/or lethal damage to both 
platelets and red blood cells in the fluid flowing through the 
valve. Furthermore, the turbulent shear stresses within the 
valves increase dramatically with increasing stenosis. The peak 
shear stresses inside the valves were 350, 150, 80, 70, and 25 
1 0 
N/m 2 for models Al through A5, respectively. 	Clearly, the 
effects of decreasing stenosis can be seen. 
(G) Pressure Drops 
Table 2 lists the pressure drops observed with the various 
aortic valve models. Model Al exhibits the highest pressure drop 
across the valve, becoming as high as 375 mm Hg inside the 
valve. The pressure difference then recovers to 250 mm Hg. The 
pressure drop in model Al remains high, since the centrai jet is 
not allowed to reattach and recover due to the lack of computer 
memory to extend the grid far enough downstream. Model A2 
indicates a substantial improvement in pressure drop for a small 
change in valve constriction. The peak pressure drop inside the 
valve is 125 mm Hg. The pressure recovers quickly, to produce a 
pressure difference of 20 mm Hg at 1.6 diameters. In model A3 
the flow is accelerated less than in model A2, such that the 
pressure drop in the valve is correspondingly lower. The peak 
pressure difference again occurs inside the valve at 40 mm Hg. 
The pressure recovers quickly, to give a pressure drop of 9 mm 
Hg at 1.6 diameters downstream. Model A4 exhibits a lower 
pressure difference of 7 mm Hg inside the valve, and recovers to 
a pressure drop of less than 1 mm Hg at 1.6 diameters . Finally, 
model A5 exhibits a very low pressure drop of less than 1 mm Hg 
inside the valve, going to complete recovery downstream of the 
valve. 
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(H) Lay Summary 
This research work is mainly directed towards understanding 
the flow of blood through various designs of trileaflet heart 
valve prostheses. It is proposed to use a sophisticated computer 
model to evaluate how various parameters of trileaflet valve 
designs affect their performance. Such parameters are: (i) 
leaflet shape, (ii) leaflet size, (iii) stent design and (iv) 
orifice design. These parameters will be varied in the computer 
model in order to optimize the designs of trileaflet, valves. 
Trileaflet valves in current clinical use do not possess 
good hemodynamic (fluid mechanic) characteristics, especially in 
the smaller sizes. 	It is our opinion these poor performance 
characteristics are due to poor design criteria. 	With the 
proposed computer model it is planned to study a variety of 
trileaflet valve designs which could be used: (i) for heart 
valve replacement, (ii) in short and long term left ventricular 
assist devices, (iii) in a total artificial heart. 
III. Collaborators 
The following graduate students at Georgia Tech worked on 
the project: 
Dana Stevenson - Ph.D. Student 
Frank P. Williams - Ph.D. Student 
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Journal of Biomechanics. 
13 
Table 1 
List of All Geometries and Simulations Studied 
Geometry 	 Entrance 	Valve+ 	Laminar 
Diameter Leaflet or 




Straight tube 2.54 Laminar 1,500 
Straight tube 2.54 Turbulent 15,000 
Stenosis model MO 2.54 1.27* Laminar '50 
Stenosis model M4 2.54 1.27* Turbulent 15,000 
Aortic model Al 2.54 1.1 Turbulent 9,000 
Aortic model A2 2.54 1.6 Laminar 50 
Aortic model A2 2.54 1.6 Turbulent 9,000 
Aortic model A3 2.54 2.5 Turbulent 9,000 
Aortic model A4 2.54 3.5 Turbulent 9,000 
Aortic model A5 2.54 5.0 Turbulent 9,000 
Stenosis throat area. 
+ See Figure 6b. 
Table 2 
Pressure Differences at Three Locations 
in All Five Models 
6* 	 AP 	 AP 	 AP 
(Inside Valve) 	(1.0 diameter 	(1.6 diameter 
downstream) 	downstream) 
(mm Hg) (mm Hg) (pm Hg) 
Model Al 0.22 375 220 230 
Model A2 0.32 125 38 20 
Model A3 0.49 40 15 9 
Model A4 0.69 7 3 0 
Model A5 0.99 1 0 0 









both grids overlapped 
•Fi9ure 1. Grids for aortic 
valve model Al 
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Figure 5. Grids for aortic 
valve model A5 
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Figure 6b. Schematic of the 
three dimensional 
projection of the 
trileaflet valve 
geometry 
Figure 7 a : 	Streamline Plot for Model A2 
Figure 71,b: 	Streamline Plot for Model A5 
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Figure 8: Velocity Profiles at Various Locations in Model Al 
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Figure 12: Velocity Profiles at Various Locations in Model A5 
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Figure 13: Turbulent Shear Stress Profiles at Various Locations in Model Al 
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Figure 14z Turbulent Shear Stress Profiles at Various Locations in Model A2 
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Figure 15: Turbulent Shear Stress Profiles at Various Locations in Model A3 
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Figure 16: Turbulent Shear Stress Profiles at Various Locations in Model A4 
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Figure 17: Turbulent Shear Stress Profiles at Various Locations in Model A5 
